ABSTRACT
It should be underlined that transportation application means rough operating conditions such as highly dynamic load changes, a high number of start/stop cycles and hygrothermal stresses [ 3 ] . Moreover, performance and durability goals for these systems have to be reached without external humidification [ 4 ] in order to reduce weight, size and peripheral power consumption. Thus, the study of performance degradation mechanisms of self-humidified, open-cathode systems that do not require external humidification is of great interest. The relevance of developing deeper understanding of the relation between performance and thermal system management of such a type of PEMFC is illustrated in Figure 1 ]. The stack temperature is regulated with a cooling fan directly attached to the stack housing. Figure 1 shows the stack voltage transient response to a stepwise increase of the stack temperature at an operation point of 0.18 A cm -2 . The spikes in the voltage signal result from periodic anode purges that were performed every 30 s. The increase in temperature results in two counteracting effects on performance. First, the improved reaction kinetics at higher temperatures leads to a significant system performance gain [ 8 ] . However, at about 50 ºC the characteristic voltage response changes. Even though the voltage still increases at the beginning of a step, it does not stabilize but keeps decreasing with time. The elevated temperature intensifies the drying of the catalyst layer (CL). Since the electrolyte material in the CL requires the presence of water for the H + ions to reach the so-called three-phase-contacts between reactant gas, electrolyte, and electrode catalyst, the decreasing water concentration during operation at elevated temperatures is speculated to imply the loss of active sites. The result is the observed voltage decay. The experiment shows the importance of proper thermal management and the potential for improving the system performance. Thus, having appropriate controllers for PEMFCs operating at low relative humidities on the cathode side is crucial to speed up the integration of thermal management strategies into realistic systems for automotive applications. This necessarily undergoes developing mathematical models that capture the interplaying dynamics between water transport and thermal aspects. To achieve these goals, the understanding and the physical-based modeling of the water transport in the CLs is a crucial aspect, which has been the subject of numerous publications. In a pioneering work, Springer et al. [ 9 ] reported an isothermal, onedimensional, steady-state model of a complete PEMFC. In particular, the model predicted an increase in polymer electrolyte membrane (PEM) resistance with increased current density and demonstrated the great advantage of a thinner PEM for alleviating the resistance problem. Bernardi and Verbrugge [ 10, 11 ] proposed a onedimensional mathematical model of the PEMFC for liquid water transport in porous electrodes assuming a constant liquid water volume fraction and no interactions between liquid and gas flows. A number of CL models had then been developed, including interface models, thin film models, agglomerate models, and thin film agglomerate models [ 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 ]. Using the agglomerate model, other researchers studied the optimum performance of PEMFC for a number of optimization parameters: type of agglomerate, CL thickness, CL porosity, distribution of Nafion ® content, Pt loading, etc.
[ 23, 24, 25, 26, 27, 28 ]. Besides these models, the works of Wang and Wang [ 29, 30 ] treated the CL as an individual zone with various conservation equations employed for transient modeling. Various time constants for the transient transport phenomena were proposed. Many different two-phase flow models have been published during the last decade. Wang et al.
[ 31 ] pioneered the research on this issue through analytical and numerical methods. A threshold current density was proposed to distinguish the scenarios between single-and two-phase regimes of water distribution and transport. In the subsequent works of their group, sophisticated models [ 32, 33, 34, 35 ] were developed to simulate flooding and liquid water distribution in PEMFCs. The so-called mature multiphase mixture formulation with a single set of conservation equations was employed to mimic the two-phase transport process. The model of Natarajan and Van Nguyen [ 36,37 ], which considered evaporation and condensation of liquid water, also demonstrated the importance of its transport on cell performance. Wu et al. [ 38 ] discussed the different water transport modeling approaches and compared simulation results using various published expressions for liquid water saturation, relative permeability, evaporation/condensation rates and absorption/desorption rates. In most reported models the dynamics of evaporation and condensation are neglected due to the high surface area of porous media and the resulting relatively fast evaporation rate. However, the phase change model used in [ 38 ] and the respective set of parameters shows that the values for the phase change rates may change by more than two orders of magnitude and thus may have a crucial effect on liquid water distribution. Pore network modeling (PNM) can be used to estimate relationships between reactant transport properties and the liquid water saturation in the CL with a given pore-size distribution (PSD), estimated by porosimetry experiments for instance. PNM is an efficient method to investigate multiphase transport in porous media. It was used in petroleum industry for decades and was recently applied to study water management inside the Gas Diffusion Layers (GDLs) and CLs of the PEMFC [ 39, 40, 41 ]. These studies allowed for the understanding of two-phase flow effects in the GDLs, for instance the role of local mixed wettability on two-phase pattern and gas (H 2 , O 2 , N 2 ) diffusion, the role of adjacent layers on performance, as well as the role of rib/channel effects. The CL has been much less studied than the GDL within the framework of PNM. This is due to the more complex microstructure, the smaller pore sizes involved and the fact that the phenomena are more complex because of the electrochemical reactions (and the associated water production and charge transport). PNM approaches do essentially the same thing and have the same outcomes as continuum PSD-based approaches [ 42 ], however both approaches do not describe the filling dynamics of each single pore. PNM simulations need as an input the discretized PSD, which allows visualizing the transient water location and propagation along a set of pores. This allows explicitly setting pores with different properties in precise locations. In order to be representative for real CLs, PNM needs to account for a large number of pores. The continuum PSD approach inherently contains the information about the CL structure whereas a PNM approach needs the CL structure as an input. Finally, statistical analysis of the results based on numerous simulations is needed with the same PNM to take an average of the results, since PNM is essentially an initial condition dependent approach. We highlight that the pore-filling dynamics cannot be neglected since the evaporation within the CL pores has a major effect on the catalyst activity ]. These evolutions may imply the Pt surface to evolve from a water rich one (electrochemically active) to a Nafion ® backbone one (electrochemically inactive). It is important to understand that these Nafion ® morphological changes will also impact proton transport (through the film and on plane) as well as O 2 and water transport. In conclusion, all these factors will impact the effectiveness of the ORR. Even though many steady-state agglomerate models and dynamic PNM approaches have shown up in the literature recently as discussed above, a complete dynamic analysis of water transport in relation with the PSD of electrode and its effects on performance is still not available. Especially for the development of proper water and thermal management strategies in order to improve the cell performance, the study of the performance determining dynamics and their relation to the cell components and materials is indispensable. In this paper we present a new dynamic multiscale modeling approach that allows describing and investigating the dynamics of water transport in relation with the electrode structure of a PEMFC and its impact on performance. Full coupling of all the mentioned macro-and mesoscale aspects with a 3D Computational Fluid Dynamics (CFD) model results in computationally expensive and time-intensive simulations. Thus, we use a simplified 1D CFD modeling approach in the presented work. The model combines macroscopic two-phase flow of water with mesoscopic pore filling effects in the CL in order to study the transient effects of water transport in relation with the CL PSD on fuel cell performance. The paper is organized as follows: first we present the modeling approach, then we discuss the obtained simulation results, and finally we conclude and announce ongoing and future developments.
MODELING APPROACH
The model presented in this paper follows a multiscale approach in the sense that it combines a macroscopic CFD model with a mesoscale model capturing the effects of the cathode CL (CCL) structure on the overall transient cell performance. Figure 2 shows the 1D modeling domain which includes species transport in the cathode GDL, Micro-Porous Layer (MPL) and CL. The model is based on a single computational domain. Thus, boundary conditions are only applied to outer model boundaries. The governing equations are solved in the entire computational domain with the respective source terms for each different subdomain. The thicknesses of the different layers were determined with SEM imaging of a disassembled stack. The relatively thick MPL is a result of the open-cathode nature of the system. The cathode is always exposed to relatively dry ambient air, which demands for a system design that keeps water in the MEA and also achieves fast humidification. All modeling parameters and the associated numerical values are provided in Table 1 . 
Macroscopic 1D CFD Model

Two-phase Flow Model
Liquid phase
The parameter that describes the liquid water content in the modeling domain in this work is the liquid water saturation s, which is the ratio of the liquid volume to the total volume of void space in the porous structure [ 32 ]. Eq. (1) shows the mass flux balance of the CCL for the calculation of liquid water saturation variation over time:
The first term on the left hand side of Eq. (1) represents liquid water accumulation and dispersion in the respective subdomain. is the specific porosity of the subdomain and ! ! ! ! is the density of liquid water. Liquid water transport towards the channel is described by the second term of the left hand side, where D s is the liquid water diffusivity. Viscous terms are neglected since liquid water transport in the CCL and GDL is mainly driven by the liquid water pressure gradient, which is based on capillary theory and Darcy's law. The right hand side of Eq. (1) represents the source or sink term for liquid water in the different subdomains. In the CCL it represents the water generated from the electrochemical reaction minus the liquid water loss due to evaporation. In the GDL the only sink is the evaporative liquid water removal. Due to the nature of open cathode systems combined with the absence of reactant gas humidification, condensation does not occur on the cathode since the vapor pressure does not exceed the saturated vapor pressure under the studied operation conditions. Water generation is described by Faraday's law which links the local current density in the CL i CL to the production rate of the electrochemical reaction. Since the ORR reaction takes place on the active catalyst surface instead of the entire CL volume the mass source flux has to be corrected by the active catalyst surface area per unit of CL volume γ Pt (m 2 m -3 ), as described by Eq. (2). This parameter finally links the macroscopic CFD model to the catalyst structure model since the active catalyst surface area depends on the amount of liquid water in the porous CL structure, as explained in detail in section 2.2.
The work of Eikerling [ 42 ] has shown that evaporation rates in the CCL may be in the same order of magnitude as water production rates, depending on pore size and temperature. Eq. (3) describes the evaporative water flux as a function of vapor pressure p v and the temperature dependent saturated vapor pressure p sat :
In Eqs. (3) and (4), K evap is the evaporation rate constant, E a is the activation energy of evaporation and p 0 is the pre-exponential factor for a temperature range of 0 -100 ºC
Water evacuates from the CCL by evaporation and liquid water diffusion through the porous diffusion media towards the channel. The common two-phase flow modeling approach that combines capillary theory with Darcy's law [ 38 , 52 ] is used in this work for calculation of the diffusive liquid water flux. Thus, the liquid water diffusivity D s results in:
are the density and viscosity of liquid water, respectively. K is the permeability of the respective subdomain layer. The relative permeability k rl in the GDL and MPL follows a quartic function of the liquid water saturation, while a quintic function is applied in the CCL. The relation between liquid water saturation s and capillary pressure p c in the GDL and MPL is described by the common Leverett function [ 52 ]:
is the surface tension of liquid water and Θ is the contact angle of the diffusion media. The MPL and GDL are treated as hydrophobic media in this work. In the CCL the capillary pressure is calculated by the Young-Laplace equation for spherical pores similar as in the approach presented by Eikerling [ 42 ]:
The critical radius r c defines the filling state of a partially filled pore and thus determines the liquid saturation depending on the pore structure model of the CCL, which is explained in detail in section 2.2.
Gas phase
The governing equation for gaseous species transport has to be corrected for the porosity reduction due to the presence of liquid water ! = (1 − ). Eq. (8) describes the conservation of gaseous species including multi-component diffusion and convection.
where w i is the respective mass fraction of the species i (O 2 , N 2 or (H 2 O) v ) and is the mixture density. The diffusive mass flux ! is based on multi-component gas diffusion, which is approximated by the Maxwell-Stefan equation to account for the gradient in the mole fractions ! of the gas components:
with
and
where ! and ! stand for the molar fluxes of the species i and j. P is the total gas pressure (which is equal to P amb ) and M g the mean molar mass. A Bruggeman correction with a tortuosity of 1.5 is used to calculate the effective binary diffusivities in the porous diffusion media:
The gas velocity ! in the convective term of Eq. (8) is calculated by Darcy's law for flow in porous media:
where ! is the dynamic viscosity of the gas and k rg is the relative permeability of the gas, which follows the same approach as explained above for the liquid water flow.
! is the resulting pressure gradient in the porous media from the electrochemical reaction. The source terms for the conservation Eqs. (1) and (8) for the respective species and subdomains are defined in Table 2 .
Boundary conditions
The boundary conditions for the liquid phase are related to the special operation conditions of an open-cathode system. Due to the high cathode flow rates and the low humidity operation no droplet formation can be observed in the cathode channels. Therefore the liquid water saturation at the GDL/channel interface !! is set to 0. The net flux of liquid water through the CCL/membrane interface is set to 0 for this study. This is a fairly good assumption, especially at low current densities, concerning that electro-osmotic drag from anode to cathode is in the same order of magnitude as back-diffusion from cathode to anode [ 6 , 53 ]. Concerning the gas phase transport, an ideal membrane is assumed which is impermeable to gaseous species. The reactant mass fractions and the gas pressure at the outer GDL boundary are constant. Assuming ambient air at 25 ºC at 30% RH and P amb = 1 atm, the boundary mass fractions result in w O2 = 0.23 and w H2Ov = 0.006.
Electrochemical model
The input of the electrochemical model presented here is the drawn external current that is transformed into a homogeneously distributed current density i. The cell voltage V fc in the CCL is modeled, in a first approximation, with a Butler-Volmer Tafel approach:
where E th is the thermodynamic reversible potential, α is the charge transfer coefficient, n is the number of electrons involved in the reaction (n = 2), ! ! is the local oxygen concentration within the CCL, ! ! !"# the reference oxygen concentration and !!! is the area-specific ohmic resistance of the cell. The exchange current density i 0 is one of the most important parameters in describing the electrochemical reaction kinetics because it not only contains the information related to the intrinsic catalytic activity of the Pt catalyst at reference conditions (T ref and and will be the subject of one of our future publications.
Analytic CL Structure Model
In this work we developed four catalyst structure models based on spherical pores, split into two general approaches: The first approach uses a single pore size whereas the second approach considers a PSD. We assume common CL composition similar to the experimental data of Kusoglu et al.
[ 60 ] with a Pt loading of 0.15 mg cm -2 , a carbon to ionomer ratio of 1:1: and a thickness of 20 µm based on the IonPower sample in [ 60 ]. The CL composition parameters, the resulting volume fractions X i and !" , the pore radius r p and the number of Pt particles per pore !" ! are listed in Table   3 . The geometric active area is 22.5 cm 2 . The Pt particle radius is set to 2 nm. The respective pore radii for primary and secondary pores were chosen based on a bimodal log-normal PSD similar as in the work of Eikerling [ 42 ]. The PSDs are discussed in detail in section 2.2.2. The oxygen concentration in the lower scale model within a primary or secondary pore is assumed to be constant in this work. This is a good assumption since the diffusion length of oxygen through liquid water (limiting case primary pores) or through dry Nafion ® (limiting case secondary pores) is much bigger than the respective pore radius specified in Table 3 . Comparing the rates of oxygen diffusion through an ionomer-filled secondary pore with the rate of oxygen consumption at a current density of 1 A cm -2 still results in a three orders of magnitude faster oxygen diffusion than consumption. Wang et al.
[ 26 ] showed that oxygen diffusion through secondary pores with a radius of 100 nm is not the performance limiting effect. Minor effects of oxygen depletion within the pores could only be observed at high electrochemical reaction rates, which are not reached with the studied open-cathode system.
Single pore size structural model
The single pore size models assume homogeneous distribution of spherical pores throughout the CCL volume. Pt particles are located at the pore walls as shown in Figure 3 . In this example of a secondary pore the inner spherical surface represents the ionomer-void-interface. Thus all Pt particles are completely covered with ionomer. 
Only primary pores
Primary pores (r pp < 15 nm) do not contain Nafion ® . Thus, only the part of the Pt particles that is in direct contact with liquid water (red line in Figure 4 ) is active and contributes to the ORR. Therefore the Pt utilization is directly linked to the liquid saturation in the pores, similar as in the model presented by Wang et al. [ 26 ] . The critical radius r c is defined by the Young-Laplace Eq. (7). Using a geometric relation based on a spherical model of primary pores, the liquid water saturation can be linked to the capillary pressure in order to calculate the pore filling by the liquid water flux. The geometrical relation between r c and s p for a single pore results in:
Assuming a homogeneous distribution of pores with only one single pore size, the liquid saturation for a single pore s p equals the liquid saturation of the 1D CCL subdomain model s CCL . Solving Eq. (16) for r c at each node of the 1D CCL model and inserting it into Eq. (7) results in the local capillary pressure p c . By assuming a single Pt particle radius of 2 nm and a primary pore radius of r pp of 10 nm, as specified in Table 3 , the contribution of the Pt particle volume to Eq. (16) can be neglected. Thus, the relation between the capillary pressure and the liquid water saturation of the CCL can be written as:
s CCL can then be determined by solving the macroscopic two-phase flow model. However, the source term for liquid water production is a function of the ECSA, as explained in section 2.1. The ECSA of a CCL only consisting of primary pores can be calculated using the geometrical relations for a spherical dome, shown in Figure 4 . The filling state of the pore determines the active Pt surface area of the Pt particle.
where !! !!" is the number of primary pores in the CCL volume and ℎ accounts for the curvature of the Pt particle with respect to the curvature of the pore. Since the radius of the Pt particles is relatively small compared to the pore radius in this study, the effect of ℎ is neglected for the sake of simplicity. The determined ECSA finally closes the equation system as it is linked to both, liquid water production (Eq. (2)) via Eq. (19) and exchange current density (Eq. (15)) via Eq. (20):
where A geo is the geometric active area of the fuel cell. Only secondary pores Figure 5 shows the 2D schematic of a secondary pore (15 nm < r sp < 100 nm). Due to the larger size of these pores they contain more Pt particles per pore than primary pores, keeping the Pt loading the same for each CL structure model. showed that the water uptake in the ionomer of catalyst layers is lower than in bulk Nafion ® . The rate of sorption for the CL ionomer is lower than the rate for the bulk membrane at the same water content. The reason is that the uptake process is not a pure diffusion-controlled process but more related to the ionomer thin-film morphology and interfacial transport resistance. The time constant for water sorption determined for the analyzed CLs is between 100 and 1000 s. This very slow time constant may explain the slow voltage decay after an increase in temperature, as observed in the experiments of Strahl et al.
[ 5 ], discussed in section 1.
The simulation results of Damasceno Borges et al.
[ 68 ] show the growth of water nano-clusters in the Nafion ® film with water sorption. These thin water layers surround the hydrophilic Pt surface and guarantee good proton conductivity, which can be phenomenologically modeled by the growth of a liquid water layer in the ionomer thin-film, similar to the liquid water filling in primary pores. Unlike in primary pores, growth and reduction of the liquid layer and the ECSA is dominated by the sorption and desorption dynamics. However, the effect of temperature is similar to the primary pores. An increase in temperature causes the water vapor saturation pressure to rise which in turn increases the evaporation rate. This decreases the water content in the Nafion ® thin-film, following the desorption dynamics. Thus, the set of equations presented for primary pores are still valid for the secondary pore model with the respective parameters !" !!" , !" ! , !" . To account for the sorption and desorption dynamics of the ionomer layer, the damping coefficient
(1) has to be corrected for the CCL consisting of secondary pores compared to a CCL only consisting of primary pores.
As explained by Wu et al.
[ 38 ] the limiting dynamic for water removal from the CCL is rather desorption than evaporation because the time constant for desorption !"#$ is orders of magnitude lower. 
PSD structural model
The second structural CL modeling approach is a PSD-based CL structure. This assumes the presence of pores with radii from 1 nm to 100 nm, instead of pores with a single pore size. Figure 6 shows PSDs of Ketjen Black and Super P based CLs, which are used in our study. Here, X p stands for the total porosity of the CL !" since the distribution is normalized with the total porosity. The number of pores that contribute to the total pore volume at each pore radius is defined as: 
The number of Pt particles per pore can be linked to the pore radius by the constant !" , based on the CCL composition parameters and pore radii, presented in Table 3 . Thus the number of Pt particles per pore as a function of the pore radius results in:
Partially water-filled pores do not exist in the PSD approach. Instead, it is assumed that all pores below the critical radius r c are filled with liquid water (in a hydrophilic CCL), whereas pores with a bigger radius do not contain any liquid water [ 42 ]. Thus, the liquid water saturation in the CCL is described by integration over the PSD up to the critical radius r c , as described by Eq. (24). r c is defined by the Young-Laplace Eq.
.
Finally the ECSA is represented by the sum of the surface area of all Pt particles that are located in pores with r p < r c :
Since the PSD approach includes both primary and secondary pores, water sorption dynamics that only apply to the presence of ionomer in secondary pores, have to be excluded for primary pores. Therefore we define a threshold radius at 10 nm (minimum of the PSD of Ketjen Black, as shown in Figure 6 ). Below this radius the additional sorption dynamics of secondary pores are neglected as it is assumed that the PSD only consists of primary pores.
NUMERICAL IMPLEMENTATION
The mathematical 1D model was implemented and solved in COMSOL Multiphysics ® according to the modeling domain, shown in Figure 2 . Implementation of the partial-differential model equations was carried out with the coefficient form PDE physics interface. The 1D mesh consists of 33 elements in which 10 are situated in the CCL. The mesh was refined in the vicinity of the interface between the CCL and the MPL. For transient studies the initial value of the liquid water saturation in the CCL was set to 0.05, since some liquid water in the primary pores is needed to get the reactions started.
RESULTS AND DISCUSSION
Steady-state simulations
The presented steady-state simulations were carried out in a parametric sweep mode with the external load current density as the sweep parameter in a range from 1 mA cm -2 to 0.35 A cm -2 . The fuel cell temperature was kept constant at 45 ºC. The reason for these setting is to guarantee the comparison to the experimental data of the studied fuel cell stack published previously by Husar et al. [ 67 ] . The fast current sweeps discussed in [ 67 ] justify the assumption of a constant cell temperature during the sweep in the specific load current density range.
Effect of evaporation rate
As explained in section 1, common evaporation rates currently used in PEMFC models differ by more than 2 orders of magnitude. However, evaporation rates in the CCL are important, especially for the primary pores that do not contain ionomer and thus are not dominated by sorption and desorption effects. Figure 7 shows the simulation results using the presented CL model that only consists of primary pores with different evaporation rates. The comparison with the experimental current sweep data recorded at a steady-state operation point of 0.18 A cm -2 in Figure 7 (c) shows that an evaporation rate constant of 20 s -1 would fit the data best. Higher rate constants lead to a significant reduction of the liquid water saturation in the CCL, especially at low current densities due to the low water production rates, as shown in Figure 7 (b). This causes a reduction of the ECSA and thus leads to a decrease in the cell voltage. At current densities above about 0.1 A cm -2 the effect becomes less important due to higher water production rates and less importance of the activation polarization losses. However, an evaporation rate constant of 20 s -1 would lead to a significant increase of the liquid water saturation in the GDL, as shown in Figure 7 (a). Therefore a slightly bigger rate constant of 100 s -1 is used for the following simulations. This is more realistic for the studied open cathode system, where liquid water droplets in the GDL close to the channel cannot be observed. The mismatch in the cell voltage by using a higher rate constant is rather related to the catalyst structure model, which is explained in the following section. 
Effect of CCL structure
The comparison of the steady-state simulation results with different CCL structure models is shown in Figure 8 
Transient simulations
Proper thermal and water management of PEMFCs for performance optimization implies the design and application of the appropriate control strategies and controllers. For this design process a good understanding of the involved system dynamics is essential. The presented transient simulations show the system's response to an increase in temperature at different operation points. The temperature related system dynamics of the studied open cathode system were analyzed experimentally by Strahl et al.
[ 5 ]. With the presented multiscale modeling approach we want to link the important system level dynamics to the structure of the CCL.
For the transient analysis we use a temperature step from 45 to 55 ºC based on the experiment discussed in section 1. The thermal system dynamics with a time constant of 120 s and a first-order behavior were derived from the experimental data presented in [ 5 ]. 
Effect of desorption dynamics
The slowest dynamic involved in water transport in the secondary pore structure is water absorption and desorption into and from the ionomer thin film, as explained in section 2.2.1. Figure 10 shows the simulation of a 10 ºC temperature increase using the SP model with different combinations of k evap and k sorp at current densities of 0.2 A cm -2 and 0.05 A cm -2 . s CCL in Figure 10 represents the average liquid water saturation in the CCL. As explained in section 4.1 the evaporation rate constant acts like a gain for the evaporative liquid water removal from the CCL. In combination with the desorption dynamics for water removal from the Nafion ® thin-film in secondary pores it influences the voltage response to a change in temperature significantly, as shown in Figure 10 (b). The cell voltage increases initially with temperature, following the thermal time constant of the system, due to the improving reaction kinetics. If the evaporation and desorption dynamics are slower than the voltage gain related dynamics, the voltage goes through a non-stable maximum and starts decreasing because of the liquid water saturation related reduction of ECSA. When the desorption dynamics approach the thermal dynamics this effect starts to vanish, depending on the evaporation rate constant, as shown in Figure 10(b) . Regarding the experiment discussed in section 1, the case of k evap = k sorp =1000 would fit the average cell voltage behavior of the 20-cell stack best. At a lower current density (i = 0.05 A cm -2 ), where less liquid water is available in the system, the CCL drying effect gets more intense at the high evaporation rates. However, there is still a small initial voltage gain, even though the steady-state voltage at a stable temperature may be lower than the initial voltage, as shown in Figure 10 (d). At low current densities combined with slow evaporation and desorption rates the system is not even able to stable out within the simulation time of 1 h. To conclude, whether the voltage loss due to CCL drying overbalances the voltage gain due to the improved reaction kinetics or vice versa, strongly depends on the evaporation and desorption rate constant. As stated above, the values of s CCL in Figure 10 are averaged values. However, there is also a strong spatial distribution of s CCL in the CCL. This affects the local exchange current density, as shown in Figure 11 for the two boundary points of the CCL with the MPL and the membrane (MEM), respectively. While the exchange current density at the CCL-MEM interface increases upon the increase in temperature, it tends to decrease at the interface with the MPL, depending on the desorption dynamics. 
Effect of CL structure on temperature related water transport dynamics
Finally the influence of the presented CL structure models on the temperature related water content and voltage transients was studied. As discussed in section 4.2.1, the sorption dynamics and the evaporation rate constant have a significant effect on the performance of the CCL. Thus, for the comparison of the different CL structure models intermediate rate constants were chosen (k evap = k sorp =500) and kept constant throughout the simulations. Figure 12 shows the comparison of the presented CL structure models during the same 10 ºC temperature increase as in the previous study at a current density of 0.2 A cm -2 . The dynamic behavior of Ketjen Black is similar to the PP model due to the greater portion of primary pores in the PSD of Ketjen Black. In the same manner, the dynamic behavior of Super P is similar to the SP model due to the greater portion of secondary pores in the PSD of Super P. However, the voltage swing of Super P is bigger than in the single pore size SP model due to the presence of primary pores in Super P that are more affected by evaporative water removal. With respect to the experimental data of the open-cathode stack, the voltage transients appear to be well presented by the SP and the Super P model. As explained in section 4.1.2, the simpler SP model tends to overestimate the performance of the cell. The Super P model is more sensitive to evaporative water removal. The fact that the PSD of Super P contains also primary pores is important when reaching the threshold radius, since below that radius the secondary pores are assumed to be liquid water free. Therefore, at high temperatures the water transport dynamics are reduced to those of primary pores, which in turn leads to fast voltage decay, as shown towards the end of the experiment presented in Figure 1 . Thus, the analysis of temperature related water saturation and voltage transients might give some information about the CL structure. Consequently, one may conclude that the CCL PSD of the studied fuel cell is similar to PSD of Super P.
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Figure 12. Average liquid water saturation (a) and voltage (b) transients during a 10 ºC temperature increase at 0.2 A cm -2 using different CL structure models.
CONCLUSIONS
In this work we presented a dynamic multiscale modeling approach of an opencathode PEMFC for analyzing thermal management aspects in relation with the CCL structure. The 1D macroscale two-phase flow model for the cathode GDL, MPL and CL is linked to an analytical mecroscale CL structure model. Four different CL structures, namely only primary pores, only secondary pores, Super P and Ketjen Black were analyzed in terms of liquid water transport characteristics and electrochemical activity. Transient simulations with the presented model allow for studying the influence of the CL pore structure on thermal and water management of a PEMFC. The model helps to understand experimentally observed thermal and electrochemical system dynamics, which is essential for the development of proper control strategies. It has been shown that for the relatively dry open-cathode system the evaporation rate constant and the liquid water sorption constant are crucial for proper representation of the CCL performance. The dynamics of the voltage response with respect to an increase in cell temperature are dominated by water desorption dynamics of the Nafion ® thin-film in secondary pores. The presented CFD model in combination with a CL structure model using the PSD of Super P gives a good representation of temperature related water saturation and voltage transients. Recent modeling work shows that Nafion ® thin-film structure and side-chain orientation will be a function of the Pt distribution and Pt content [ 45 , 46 ]. Furthermore, recent MD simulations [ 68 ] show that the interfacial ionomer structure at the vicinity of a substrate depends on its hydrophobicity. From that, we may expect that the ionomer structure will be different on top of the Pt substrate (hydrophilic) compared to the carbon substrate (hydrophobic), as shown in Figure 13 . The average structure will depend on the Pt/C ratio. Including these effects in the model, the interplay of liquid water distribution, rate of evaporation and ionomer structure may draw a different structural picture. Together with the dynamics of the electrochemical double-layer (nanoscopic interface between Nafion ® and Pt) this will be analyzed in future work. Finally the multiscale cell level model will be incorporated in a higher scale system model for the design and testing of thermal and water management strategies. 
